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Ethoxylat ion of nonyl phenol has been carried out at 
130~ and at an absolute pressure of two bars. Alkali 
metal hydroxides were used as catalysts,  either neat 
or in conjunction with added co-catalysts such as 18- 
crown-6 and tetramethyl ethylene diamine (TMEDA). 
The overall reaction rates were found to increase five- 
fold on the addition of the co-catalysts. The use of 
TMEDA as the sole cata lys t  gave equally high reac- 
tion rates. This fact can be explained by the high basi- 
city of T M E D A  and by the formation of a highly reac- 
tive ion pair similar to those found in phase transfer 
catalysis. The differences in the kinetics of the reac- 
tions were analysed by computer  simulation, using a 
five parameter  model. According to this model, the 
crown ether-catalyzed ethoxylat ion of nonyl  phenol 
was found to proceed via protonated ethylene oxide, 
while pure alkali catalysis proceeded mainly via un- 
complexed ethylene oxide. Small differences in the oli- 
gomer distributions were noted. 

Alkali catalyzed ethoxylat ion of phenols and alcohols 
has been studied extensively, and it is well-known that  
the kinetics of the reaction depend on the type  of cata- 
lyst  used (1). I t  has also been shown tha t  the distribu- 
tion of oligomers can be changed by changing the cata- 
lyst  (2,3). In a large scale operation, e thoxylat ion of 
phenols, e.g., nonyl phenol, is generally carried out in 
the presence of po tass ium hydroxide  as a cata lyst ,  
which gives a high rate of reaction and a Poisson-type 
distribution of oligomers (1,4). 

Alkali catalyzed ethoxylat ion of phenols and alco- 
hols is believed to proceed through a rate-determining 
nucleophilic opening of the ethylene oxide ring {1). The 
reaction rates depend on the nucleophilicity of the phe- 
noxy or a lkoxy anions. With anions of low nucleo- 
philicity, activation of the epoxide ring through com- 
plex formation with a proton donor may be necessary. 

Most  ionic reactions in organic media of low polar- 
i ty proceed through contact  ion pairs or solvent sepa- 
rated ion pairs (5,6). The availability of an anion in a 
nucleophilic displacement reaction depends on the dis- 
tance between the anion and its positive counter  ion. 
The distance is a function of the effective ionic radii 
and the charge densities of the ions. By changing to 
highly polar cation solvat ing media (e.g., dimethyl  
sulphoxide or dimethyl  formamide) reaction rates of 
displacement reactions can be increased dramatically. 
A similar effect can be reached by the use of phase 
t ransfer  catalysts.  The rate increase is correlated to 
the increased separation of the anion and the solvated 
cation, and also to the fact that  the anion is unsolvated 
and thus very  active (5). 

E thoxyla t ions  of phenols and alcohols are gener- 
ally carried out without any added solvents. The polar- 
ity, or cation solvating power, of the reaction medium 
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is very  low in the beginning of the reaction. However, 
as the number  of ethylene oxide residues per molecule 
increases, the cation solvating ability of the medium 
increases. Oligomers of ethylene oxide are very effec- 
tive solvating agents  for cations (7,8). They are, how- 
ever, surpassed by phase t ransfer  catalysts  such as 
crown ethers and polyamines. 

In the present  work we have studied the influence 
of two auxiliary catalysts  [the macrocyclic ether 18- 
crown-6 and te t ramethyl  ethylene diamine (TMEDA)] 
on alkali catalyzed ethoxylat ion of nonyl  phenol. I t  has 
previously been shown that  the presence of crown ethers 
increases the rate of alkali catalyzed ethoxylat ion of 
alcohols as well as of homopolymerizat ion of ethylene 
oxide (9-12). t towever,  no detailed s tudy of the effect 
of phase t ransfer  cata lysts  on the ethoxylat ion mecha- 
nism has been reported. T M E D A  is known to form 
complexes with lithium ions (13). The use of LiOH/ 
T M E D A  or K O H / T M E D A  as e thoxylat ion cata lysts  
has not  been previously  descr ibed in the l i terature,  
however. 

EXPERIMENTAL 

The ethoxylat ion cata lys t  (1.22 mole-%) was added to 
nonyl phenol and the mixture  was dehydra ted  under 
vacuum (20 mm Hg) at 80~ on a thin film evaporator.  
The appropriate co-catalyst was added (18-crown-6:1 
mole/mole; TMEDA:  2 moles/mole), and ca. 400 g of 
the mixture,  corresponding to 1.8 moles of nonyl phe- 
nol, was weighed into a stainless steel autoclave tha t  
was equipped with a high speed stirrer. In the experi- 
ment  with T M E D A  as the main ca ta lys t  the same 
amount  (2.44 mole-%) as previously used was employed. 
The autoclave was leak tested at five bars with N 2 and 
then  evacuated .  The t empera tu re  was increased to 
130~ Ethylene  oxide was then admit ted to the auto- 
clave at zero time. The pressure was manually kept  
be tween 1.95 and 2.0 bars  by  periodically charg ing  
ethylene oxide into the autoclave. The amounts  of eth- 
ylene oxide charged  and the cor responding  react ion 
times were recorded. The addition of ethylene oxide 
was in terrupted when three moles of ethylene oxide 
per mole of nonyl  phenol had been added. The reaction 
was allowed to proceed at 130~ until  the pressure 
reading decreased to the s tar t ing  value. After cooling 
the mixture  to room temperature,  the autoclave was 
evacuated in order to remove ethylene oxide, flushed 
with N~ and dismantled. The oligomer distribution of 
the reaction products  were determined by gas chroma- 
tography  after  silylation. Hydroxy l  values of the reac- 
tion products  were found to generally correspond to 
90% conversion of ethylene oxide (2.7 moles EO/mole 
of nonyl phenol}. 

RESULTS AND DISCUSSION 

Effect of catalysts. Nonyl phenol was e thoxyla ted at 
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130~ at  a pressure of two bars.  Po tass ium and lith- 
ium hydroxides  were used as cata lys ts ,  ei ther neat  or 
with 18-crown-6 or T M E D A  as co-catalysts .  A reaction 
was also run with T M E D A  as the sole catalyst .  For 
comparison,  nonyl phenoxye thy l  alcohol was ethoxyl- 
ated with po tass ium hydroxide/18-crown-6 as a cata- 
lyst. The consumpt ion  of ethylene oxide was recorded 

as a function of time. The exper imenta l  results are 
shown in Figures 1, 2, and 3. The ethylene oxide con- 
sumpt ion  curves for the e thoxyla t ion of nonyl phenol 
clearly show three separa te  kinetic regions. These re- 
gions correspond to an initial fas t  physical  absorpt ion 
of ethylene oxide, a slow ethoxyla t ion of nonyl phenol 
to nonyl phenoxyethyl  alcohol (phenol ~ EO1), and a 
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FIG. 1. Ethoxylation of nonyi phenol in the presence of KOH and LiOH. Catalyst 
concentration 1.2 mole-%, temperature 130~ EO pressure 2 bars. 

250 

200 
t -  
O 

".= 150 
t~ 

E 
ffl 
t- 100 
0 0 

0 50  U.I 

KOH/TMED~ 
KOH/Crown , , , , '~"  PhEI~ /KOH/C rown - i i  t 

- 

2 i I 
I _ 

~lloa~memmollmlwlmllam~ 

m 

0 
C 
r 

2 ~  
0 
E 

0 iii 
] m 

0 

0 . I I I n I I 0 

0 10 20 30 40 
Time (min) 

FIG. 2. Ethoxylation of nonyl phenol in the presence of KOH, KOH/18-crown-6 (I:I), 
and KOH/TMEDA (1:2), and ethoxylation of nonyl phenoxyethyl alcohol (PhEOH) 
in the presence of KOHI18-crown-6 (1:2). Catalyst concentration 1.2 mole-%, tempera- 
ture 130~ EO pressure 2 bars. 
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fas t  oligomerization reaction (EOn -* EOn+l). This is 
in accordance with the accepted view tha t  no ethoxyla- 
t ion of the phenoxyethyl  alcohol tha t  is formed in the  
f irst  reaction s tep will take place until  all of the more 
acidic phenol is consumed (1). The oligomerization then 
follows at a higher ra te  due to the high nucleophilicity 
of the alkoxide anions (Figure 1). 

The l i thium hydroxide cata lyzed reaction was slower 
than  the po ta s s ium hydroxide reaction, as can be ex- 
pected because of the smaller size and higher charge 
dens i ty  of the l i th ium ion (Figure 1). The effect  is 
pronounced in the second par t  of the reaction. The rate  
of oligomerization is similar to the rate  of the initial 
phenol ethoxylation,  and lower by a factor  of three 
than  the ra te  of the cor responding  p o t a s s i u m  cata-  
lyzed oligomerization reaction. 

The use of 18-crown-6 as a co-catalyst  was found 
to have a marked  effect on the ra te  of the K O H  cata- 
lyzed ethoxylat ion.  As can be seen f rom Figure 2, the 
presence of the crown ether in equimolar  amounts  to 
po tass ium ions gave  a five-fold increase in the overall 
reaction rate. This effect can be explained by  the for- 
ma t ion  of a s t r ong  1:1 complex  be tween  p o t a s s i u m  
ions and 18-crown-6. The complex format ion increases 
the effective radii of the cations and leaves the anions 
naked and highly reactive (5). I t  can be noted tha t  
preformed nonyl phenoxyethyl  alcohol was found to 
react  with ethylene oxide at  a rate  corresponding to 
t ha t  of the second pa r t  of nonyl phenol e thoxyla t ion 
(Figure 2). 

The results  obtained with T M E D A  as a co-catalyst  
were somewhat  unexpected.  As shown in Figure 2, the 
overall reaction rate obtained with K O H / T M E D A  as 
a ca ta lys t  was similar to tha t  obtained with KOtI/18-  
crown-6. There is, however, a significant difference in 

the  curva tures  of the first  pa r t  of the ethylene oxide 
consumpt ion  curves, which indicates a difference in 
the  reaction mechanisms.  The curve obtained with LiOH/ 
T M E D A  as a ca ta lys t  was similar to tha t  obtained for 
K O H / T M E D A  (Figure 3). In  bo th  cases, the  rates  of 
the second par t  of the react ions seem to decrease with 
time. 

The behavior  of T M E D A  as an e thoxyla t ion cata- 
l y s t  was tested.  I t  has  previously been repor ted  tha t  
T M E D A  in relatively large concentrat ions can cata- 
lyze the e thoxyla t ion of butanol  (14}. The results  shown 
in Figures  2 and 3 point  out tha t  T M E D A  alone is as 
effective a ca ta lys t  as either L i O H / T M E D A  or KOH/  
T M E D A .  We sugges t  the  fol lowing exp lana t ion  for 
this behavior.  

T M E D A  is a s t rong  base due to the possibil i ty of 
binding a proton in a f ive-membered ring {15}. In the 
sys t ems  studied, pro tonat ion  of the diamine will com- 
pete with the format ion  of the alkali meta l  ion com- 
plex. Wi th  a c o m p a r a t i v e l y  s t r ong  acid such as an 
alkyl phenol, pro tonat ion  will dominate  and phenolate  
ions will be formed, as shown in Scheme 1 (Eqn. 1). The 
phenolate  ions will subsequent ly  react  with ethylene 
oxide to form nonyl phenoxye thy l  alcohol. This prod- 
uct, being a weaker acid than  the alkyl phenol, will not 
p ro tona te  T M E D A  to any appreciable extent .  T M E D A  
will now be free to form the alkali metal  ion complex. 
However ,  it will also be capable  of react ing with ethyl- 
ene oxide, forming a zwitterion which can react  fur ther  
with ethylene oxide to give higher homologues (Eqns. 
4,5). 

The zwitterion formed according to Scheme 1 will 
undergo rapid equilibrium with the nonyl phenoxyethyl  
alcohol formed in the previous s tep (Scheme 2, Eqn. 1). 
For n = 0  this equilibrium will be shifted to the left 
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FIG. 3. Ethoxylation of nonyl phenol in the presence of LiOH/TMEDA (1:2) and 
TMEI)A. Catalyst concentrations 1.2 and 2.4 mole-%, respectively. EO pressure 2 
bars. 
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because the 2-ammoniumethyl  alcohol is more acidic 
than  the 2-aryloxyethyl  alcohol. For n > l  the s i tuat ion 
is r eve r sed- - the  2-aryloxy alcohol is now the s t ronger  
acid, a l though the acidity difference migh t  be small. 
The alkoxide fo rmed will be fu r the r  e t h o x y l a t e d  to 
form the normal  distr ibution of homologues,  as shown 
in Scheme 2 (Eqn. 2). 

In  the final reaction step in Scheme 2 (i.e, ethoxyla- 
tion of the 2-aryloxy alkoxide) the e thoxyla ted  T M E D A  
is likely to function as the cationic moie ty  of the propa- 
gat ing  ion pair. Because of the bulkiness of the cation 
the charge centra  of the ion pair will be well separated,  
giving a highly react ive anion. The sugges ted  reaction 
mechanism explains why the rate  of T M E D A  cata- 
lyzed ethoxylat ion is much higher than  tha t  of a nor- 
real alkali catalyzed reaction. I t  also accounts  for the 
fact  t ha t  the combina t ion  of alkali hydroxide  and 
T M E D A  offers no advan tage  over T M E D A  alone. 

E t h o x y l a t i o n  k inet ics .  A simple kinetic model can 
be used for the analysis of the ethylene oxide consump- 
tion curves. Base catalyzed e thoxylat ion of a phenol 
may  proceed according to Scheme 3. In this model, 
phenolate anions can react  with ei ther uncomplexed 
(Eqn. 2) or complexed ethylene oxide (Eqn. 3). Phe- 
noxyethyl  alkoxide (or oligomers) reacts  similarly (Eqns. 
4,5). All ethylene oxide oligomers (ROtt) are presumed 
to have equal react ivi ty.  The protonat ion equilibrium 
in Equat ion  6 is p resumed to be shifted far to the right,  
i.e., the equilibrium cons tan t  KCq assumes  a high value. 
Equil ibrium cons tan ts  K' and K" are incorporated into 
ra te  cons tants  k.~ and k4. For reasons of s implicty con- 
centrat ions are expressed as moles~ k g -  ~. 

Scheme 3 
ArOH + H O - M  + ~ A r O - M  ~ + 1t20 [1] 

kl 
A r O  + EO ~ RO-- [2] 

k~' 
ArO + E O . . . H O A r  --) ROH + A r O -  [3] 

k~ 
RO + EO --~ RO-  [4] 

k 4 ' 
RO-  + E O . . . H O R - *  ROt t  + RO-  [5] 

RO + ArOH ~-~qAro- + R O H  [6] 
IK') 

ArOH + EO ~ E O . . . H O A r  [7] 
(K"I 

ROI t  + EO ~- E O . . . H O R  [8] 

In the reaction scheme ROtI  s tands  for any  ethylene 
oxide oligomer, regardless  of the degree of polymeriza- 
tion. The following equations can be derived from the 
reaction scheme: 

R1 = k, �9 CArO- * PEO + k~. * CAr()- ~ CAr(H { * Pi.:o 

R2 = k:, * CRo " PEO + k4 ~ CRO- ~ CROH ~ PEO 

R = R1 + R2 

CA~)- + C~o = CM 

C A r ( ) -  ~ C R O | | / ( C R o -  o CAt~)H) = Keq 

where R,R~, R2 = react ion ra tes  expressed as EO con- 
sumpt ion (moles~ 

kl; k3 (bar -1 * s -l) 

k2 = k2' ~ K'; k 4 -~- k 4' ~ K"  (kg �9 bar  -1 ~ mol 1 ~ s-l).  

CArO- , C R O -  , etc. ---- i n s t an t aneous  concen t ra t ions  
of ArO- ,  

RO- ,  etc. (moles ~ kg-1); 

CM = concentrat ion of added catalyst ,  i.e., KOH 
(moles �9 kg-  t); 

Pt.:o = part ial  pressure of ethylene oxide (bars). The 
par t ia l  p re s su res  of e thylene  oxide were subst i -  
tu ted  for concentrat ions in the rate equations.  PEO 
is held cons tan t  during the experiment .  

Because the reactor  used was of the semi-batch type, 
the weight (or volume) of the reactor  charge is a func- 
t ion of t ime.  The i n s t an t aneous  concen t ra t ions  will 
then be expressed  as: 

CAr(H t = NArOlt/W (moles �9 kg-l) ;  W = Wo + WEo (kg); 

WEo = weight  of added ethylene oxide, and 

Wo, W -- initial and ins tantaneous  weight  of the charge. 

The equat ions above were used for a compute r  simula- 
tion of the ethylene oxide consumpt ion curves.  A spe- 
cial s imulat ion software,  S IMNON,  was used with a 
DEC VAX compute r  (Digital Equ ipmen t  Corp.) (16). 
The rate cons tan t s  kl, k2, k:, and k 4, together  with the 
equilibrium cons tan t  K~,q, were used as p a r a m e t e r s  for 
the s imulat ion.  Figure  4 d i sp lays  expe r imen ta l  and 
s imula ted  curves  for KOH,  KOH/18-crown-6,  and 
TMEDA.  In  the case of T M E D A  it was a s sumed  tha t  
the entire ca ta lys t  was act ive as a base (CM = CTMEI)AI. 
The pa rame te r s  found to give the best  fit are shown 
in Table 1. I t  is clear t ha t  the simple kinetic model 
used can describe the s y s t e m  in all three cases. The 
difference in c u r v a t u r e  be tween  the d i f ferent  EO 
consumpt ion  curves  depends  on the re la t ive  magni-  
tude  of the  c o n s t a n t s  kl and k 2. The crown e ther  
catalyzed e thoxyla t ion  of nonyl phenol seems to pro- 
ceed main ly  via  p r o t o n a t e d  e thylene  oxide, as is 
indicated by  the high value obtained for k 2. In  the 
other two cases the unpro tona ted  route seems to domi- 
nate. 

In the react ions catalyzed by  KOII /c rown ether  and 
T M E D A  there  is a g radua l  ra te  decrease  af ter  the 
addition of 1.5 to 2 moles of EO per mole nonyl phenol. 
The lower ra te  migh t  be an effect of dilution due to 
added EO, bu t  the ra te  decrease is larger  than  the 
dilution effect  expected for a pseudo second order ra te  
equat ion (Eqn. 4). I t  seems more likely to a s sume  tha t  
the longer homologues react  at  a lower ra te  than  the 
short  ones, i.e., the p resumpt ion  of equal react ivi ty  
might  not be valid. The exper imenta l  ol igomer distri- 
but ions would then differ from the theoretical  Poisson- 
type distr ibution.  The exper imenta l  d is t r ibut ions  ob- 
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t a ined  in the  presence  of c rown e ther  and  T M E D A  
seem to be s l igh t ly  more  na r row t h a n  those  ob t a ined  
in the  n o r m a l  alkali  ca ta lyzed  react ion.  The differences 
are small,  and  close to the  e x p e r i m e n t a l  errors.  How- 
ever,  all d i s t r i b u t i o n s  are d i s t i nc t l y  more na r row t h a n  
the  Po i s son  d i s t r i bu t ion ,  and  th i s  is in a g r e e m e n t  wi th  
the  view t h a t  the  r eac t iv i ty  of the  ol igomers  decrease 
wi th  the  cha in  l e n g t h  (17). 
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FIG. 4. Experimental  {open squares) and computer s imulated 
{dashed line) ethylene oxide consumption curves for KOH, KOH/ 
18-crown-6, and TMEDA.  

TABLE 1 

Parameters used for computer simulation of ethylene oxide con- 
sumption curves in Figure 4. 

Catalyst KOH- 
{Parameter) KOH CROWN TMEDA 

k 1 {s-lebar -1) 7.5.10-3 1.3.10-2 2.0.10-2 

k 2 {kg*s-lobar-lomole -1) 7.5.10-4 2.7.10-2 1.7.10-3 
k 3 (s- l .bar  -t) 2.1"10 -2 0.0 0.0 

k 4 (kg*s-l*bar-l*mole -1) 0.0 2.0"10 -2 1.3"10 -2 

Keq 300 100 100 
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